We present a new radio-selected sample of PNe from the CORNISH survey. This is a radio continuum survey of the inner Galactic plane covering Galactic longitude, 10 • < l < 65 • and latitude, |b| < 1 • with a resolution of 1.5 and sensitivity better than 0.4 mJy/beam. The radio regime, being unbiased by dust extinction, allows for a more complete sample selection, especially towards the Galactic mid-plane. Visual inspection of the CORNISH data, in combination with data from multi-wavelength surveys of the Galactic plane, allowed the CORNISH team to identify 169 candidate PNe. Here, we explore the use of multi-wavelength diagnostic plots and analysis to verify and classify the candidate PNe. We present the multi-wavelength properties of this new PNe sample. We find 90 new PNe, of which 12 are newly discovered and 78 are newly classified as PN. A further 47 previously suspected PNe are confirmed as such from the analysis presented here and 24 known PNe are detected. Eight sources are classified as possible PNe or other source types. Our sample includes a young subsample, with physical diameters < 0.12 pc, brightness temperatures (> 1000 K) and located closer than 7 kpc. Within this sample is a water-maser PN with a spectral index of −0.55 ± 0.08, which indicates non-thermal radio emission. Such a radio-selected sample, unaffected by extinction, will be particularly useful to compare with population synthesis models and should contribute to the understanding of the formation and evolution of PNe.
INTRODUCTION
Planetary nebulae (PNe) are ionized envelopes of dust and gas, ejected during the AGB (Asymptotic Giant Branch) phase of intermediate mass stars (0.8M ≤ M ≤ 8.0M ). These objects (PNe) are known to exhibit simple to complex morphologies (Balick 1987; Sahai et al. 2011 ). More than 80% of observed PNe show non-spherical morphologies Sahai et al. 2007 . Also see Kwok 2010) , which raises the question of how the deviation from E-mail: ee11ts@leeds.ac.uk (TI) spherical symmetry is achieved, especially with multi-polar, point-symmetric and irregular morphologies. Collimated fast winds or jets have been proposed as the primary shaping agents during the post AGB phase, where the jet characteristics determine the shape of the PNe when photoionization starts (Sahai & Trauger 1998) . The genesis of the collimated jet activities and the driving mechanisms are still not well constrained. Other proposed shaping agents are rotation and/or magnetic fields in single stellar systems (García-Segura et al. 1999 , binary companions and even triple stellar systems (see Bear & Soker 2016; De Marco et al. 2015; De Marco 2009 and references therein) .
Understanding these objects and how they form and evolve is key to understanding the late phase evolution of intermediate-mass stars. Achieving this will require an uncontaminated and representative sample that covers the different stages of their evolutionary sequence, including very young PNe, where the physical processes associated with shaping and formation may still be active. Zijlstra & Pottasch (1991) predicted the Galactic disc PNe population to be 23000 ± 6000. From population synthesis, Moe & De Marco (2006) estimated a total Galactic PNe population of 46000 ± 13000 PNe (with radii < 0.9 pc), assuming single and binary stellar systems result in PNe. About 3540 have been identified so far, including true, likely and possible PNe .
Optical surveys are usually used to search for, and identify these objects from characteristic emission lines associated with their ionized regions. However, the optical regime is limited in various ways, especially in the Galactic plane. Optical surveys are strongly affected by dust extinction, which causes a bias in the sample selection of PNe from such surveys. An optical survey cannot always distinguish very young and compact PNe from other compact, ionized objects such as H II regions (Frew & Parker 2010 ) and symbiotic systems (Kwok 2003) . To overcome dust extinction and incompleteness associated with optical surveys, it is necessary to observe PNe at longer wavelengths.
Samples of PNe themselves are not homogeneous because they possess different morphologies, central star masses, evolutionary stages, ionization characteristics and diffrent environments. This makes the identification of PNe more challenging. However, to eliminate possible sample contamination by other sources that share similar observational properties and apply a proper constraint on the source classification, there is a need for multi-wavelength techniques (Frew & Parker 2010) . This is possible because PNe have associated ionized gas, dust emission and some even have molecular emission (Kwok 2007; Ramos-Larios et al. 2017) , making them strong emitters at infrared and radio wavelengths. Infrared surveys can be used to search for PNe that are not visible in the optical because of extinction and free-free emission from their associated ionized gas can be explored at radio wavelengths.
The CORNISH survey provides a high resolution and unbiased radio survey of the northern Galactic plane . Hereafter Paper I). It covers the northern survey region of the Spitzer GLIMPSE I survey (Churchwell et al. 2009; Benjamin et al. 2003) . Hence, it provides a complementary radio data and, with its depth and resolution, it is well suited for the search and study of compact PNe. The CORNISH team have visually identified 169 candidate PNe (CORNISH-PNe) from this survey using their appearance at different wavelengths (a combination of the radio, infrared image data and millimetre dust continuum. See Section 2.2).
The first large scale radio survey that was used to construct a sample of PNe unbiased by extinction is the NRAO VLA sky survey (NVSS) with a resolution of 45 . Within the coverage of this survey (full sky survey north of δ − 40), 702 of the then known 885 PNe in the Strasbourg-ESO catalogue of Galactic planetary nebulae were detected at the time Condon & Kaplan 1998) . With a sensitivity of ∼ 2.5 mJ y/beam, this survey was also used to reject contaminants and detect free-free emission towards 454 candidate PNe in the IRAS point source catalogue, 332 of which were known PNe and 122 were identified as candidate PNe .
In this paper, we examine and analyse the nature of the 169 CORNISH-PNe. We also explore their multi-wavelength properties to classify and identify possible contaminants within the sample. Section 2 describes the data and PNe sample selection. The radio properties and use of different multi-wavelength diagnostic plots, including extinction and distances are presented in Section 3. Discussion of results is presented in Section 4 and the CORNISH-PNe catalogue is described in Section 5.
CANDIDATE RADIO PNE SAMPLE

The CORNISH Survey
The CORNISH survey is a 5 GHz radio continuum survey covering 110 deg 2 of the northern Galactic region, defined by 10 • < l < 65 • and |b| < 1 • . It probes free-free emission from the ionized regions of compact Galactic sources using the B and B'n'A configurations of the VLA (Very Large Array) . With its resolution of 1.5 and sensitivity better than 0.4 mJy/beam, it forms the radio continuum part of a series of high-resolution, high-sensitivity multi-wavelength surveys of the northern Galactic plane. The CORNISH survey provides a combination of higher resolution and depth compared to previous radio surveys of the Galactic plane.
Objects identified in the CORNISH survey include H II regions, PNe, radio galaxies with lobes and radio stars. The resolution and sensitivity of this survey, together with other comparable surveys of the northern Galactic plane at different wavelengths, is able to discriminate between compact ionized sources. In addition, it should aid identification of new PNe not detected by previous surveys. Details of the survey design, scientific motivation, data reduction and measurements of properties are provided in previous papers by Paper I and Purcell et al. (2013) (hereafter Paper II).
PNe Candidate Selection
PNe emit at radio and infrared wavelengths due to their ionized gas and warm dust. Despite the different morphologies, ionization characteristics and central star masses, PNe typically appear red and isolated in the infrared. However, they are sometimes confused with H II regions and both can get mixed up in the same sample, depending on the distance and how compact and/or young the H II regions are. This is because H II regions also emit at radio and infrared wavelengths from associated ionized gas and dust.
In the infrared, these two classes of objects can be distinguished by looking at their local environment and morphology. H II regions, unlike PNe, are associated with dense molecular material, which becomes very evident in the MIR as strong PAH (polycyclic aromatic hydrocarbon) emission. This also gives them strong millimetre (mm) dust continuum , whereas PNe are usually very faint or not detected in dust continuum surveys. A compar-ison of the CORNISH and ATLASGAL survey 1 revealed only a handful of PNe (see Urquhart et al. 2013 ). H II regions also show regions of strong dust extinction and often form in complexes. PNe, on the other hand, often do not show any form of association with dense molecular material or form in complexes. Furthermore, H II regions often show a variety of irregular morphologies (Wood & Churchwell 1989a) as opposed to PNe whose morphologies usually show a good degree of symmetry (Sahai et al. 2011) . This difference in morphology is also clearly seen in the MIR. In the near-infrared, H II regions are redder than PNe due to the amount of dust emission and sometimes they are not even detected, owing to very high extinction.
The SEDs (spectral energy distribution) of PNe usually peak between 20 µm and 100 µm. However, some PNe could peak above 100 µm (see Urquhart et al. 2013) , due to the range of dust temperatures (30 K > ∼ T d > 100 K) in their circumstellar shell (Villaver et al. 2002; Pottasch et al. 1984; Kwok et al. 1986 ). H II regions, on the other hand, peak at longer wavelengths of about 70 µm and above because they possess a larger fraction of cooler dust Wood & Churchwell 1989b ). This would result in an overlap in the SED of some PNe with H II regions.
Using these observational differences across the different wavelengths over which PNe emit, the CORNISH team, from visual inspection of multi-wavelength image data, classified 169 of the detected sources in the 7σ catalogue as candidate PNe (CORNISH-PNe). These criteria were also used by Urquhart et al. (2009a) to distinguish between PNe and H II regions in the Red MSX Source survey (Lumsden et al. 2013) . The CORNISH-PNe make up ∼ 6% of the CORNISH catalogue. The multi-wavelength image data used include the Multi-array Galactic Plane Survey (MAG-PIS) at 20 cm (Helfand et al. 2006; White et al. 2005) , the Galactic Legacy Infrared Mid-Plane Survey Extraordinaire (GLIMPSE; Churchwell et al. 2009; Benjamin et al. 2003) , MIPSGAL (Carey et al. 2009 ), the United Kingdom Infrared Deep Sky Survey (UKIDSS-GPS; Lucas et al. 2008 ) and the Bolocam Galactic plane survey (BGPS; Rosolowsky et al. 2010a) . The use of such multi-wavelength data provides a good constraint on the visual classification of compact objects (see Figure 1) , especially towards the Galactic midplane, where source crowding is a problem. Observational differences at different wavelengths used by the CORNISH team are illustrated in Figure 1 .
With the visual classification, it is expected that radio stars, radio galaxies and other extra-galactic sources have been eliminated. However, having done visual classification of these objects, there is a possibility that the sample is still not contaminant-free. Possible contaminants are dusty radio stars and H II regions, especially when they are distant and still very young.
Multi-Wavelength Data
The CORNISH survey provides information at a single frequency (5 GHz), which is not sufficient to determine the nature and discriminate between compact source types in the 1 http://www3.mpifr-bonn.mpg.de/div/atlasgal/ CORNISH catalogue. To search for CORNISH-PNe counterparts at other wavelengths, we have queried data from other surveys using the CORNISH coordinates (positional accuracy of 0.1 . See Paper II). Data query and cross-matching is generally limited by coverage and resolution, and so the choice of surveys considered is based on comparable resolution and coverage. We briefly describe below the details of other surveys in the northern Galactic plane that we have used in the analysis presented here.
MAGPIS (20 cm)
The MAGPIS at 20 cm is a radio continuum survey of the northern Galactic plane, defined by 5 • < l < 48 • .5 and |b| < 0 • .8. Observations were made using the VLA (Very Large Array) with an angular resolution of ∼ 5 and rms noise level of ∼ 0.3 mJy. Details of this survey are given in Helfand et al. (2006) . We have queried the > 5σ catalogue for CORNISH-PNe counterparts from the compact radio catalogues compiled by White et al. (2005) .
GLIMPSE (Mid-Infrared)
The GLIMPSE, as one of the Spitzer legacy science programs, is a survey of the inner Galaxy in the mid-infrared. It covers an area of 220 deg 2 , defined by longitude 10 • < l < 65 • , −10 • > l > −65 • and latitude |b| ≤ 1 • with a spatial resolution of ∼ 2 . This survey made use of the infrared array camera (IRAC) mounted on the Spitzer space telescope (SST), centred on 3.6 µm, 4.5 µm, 5.8 µm and 8.0 µm. It achieved a 3σ point source sensitivity of 0.2, 0.2, 0.4 and 0.4 mJy for the four bands respectively (Churchwell et al. 2009; Benjamin et al. 2003) .
UKIDSS (Near-infrared)
The GPS (Galactic plane survey), which is one of the five UKIDSS surveys, covers an area of 1868 deg 2 defined by Galactic latitude |b| ≤ 5 • and longitude of 15 • < l < 107 • , and 142 • < l < 230 • with a seeing of ∼ 1.0 . These regions were imaged in the J, H and K bands centred on 1.25 µm, 1.65 µm and 2.20 µm, to a depth of 20, 19.1, 19 .0 in magnitudes, respectively. Full details of the survey and data release are given in Lucas et al. (2008) .
This survey has a positional accuracy of ∼ 0.1 and we have queried the UKIDSS point source catalogue 2 within a 2 radius. We used the option of nearest objects only to ensure correct matches due to crowded field.
MIPSGAL and WISE (Mid/Far-infrared)
The MIPSGAL is one of the Spitzer Galactic plane surveys covering 278 deg 2 of Galactic longitude 5 • < l < 63 • , and 298 • < l < 355 • and latitude |b| < 1 • regions. This survey was carried out using the MIPS (Multiband Infrared Photometer for Spitzer) on the Spitzer Space Telescope at Figure 1 . Multi-wavelength observational differences between PNe and other sources identified in the CORNISH survey. Surveys from left to right: CORNISH 5 GHz radio, UKIDSS-GPS (K band), GLIMPSE (8 µm), MIPSGAL (24 µm) and BGS 1.1 mm dust continuum. The sources from top to bottom are PNe: G051.5095+00.1686 and G035.4719−00.4365; UCH II region: G010.3204−00.2586; H II region: G053.1865+00.2085; Radio star: G045.3657−00.2193 and Radio galaxy: G054.1703−00.0092. These are the main multi-wavelength surveys used by the CORNISH team to select the CORNISH-PNe sample.
24 µm and 70 µm, achieving a resolution of 6 and 18 , respectively. From this survey, we used only the 24 µm data within the 5 • < l < 63 • region with a point source sensitivity at 3σ of 2 mJy (Carey et al. 2009 ).
The Wide-field Infrared Survey Explorer (WISE) is an infrared all-sky survey in four bands, centred on 3.4, 4.6, 12, and 22 µm. This survey achieved a 5σ point source sensitivity better than 0.08, 0.11, 1.0, and 6.0 mJy with angular resolutions of 6 .1, 6 .4, 6 .5, and 12 .0 in the four bands, respectively . Among other objects, this survey has also uncovered PNe (Ressler et al. 2010; Kronberger et al. 2014) . From this survey, we have taken the 12 and 22 µm data to complement the GLIMPSE and MIPS-GAL data.
Hi-Gal (Far-Infrared)
The Hi-Gal (Herschel infrared Galactic Plane Survey) is a far-infrared survey of the Galactic plane, covering −70 • ≤ l ≤ +68 • ; |b| ≤ 1 • region in five wavebands. This survey used the PACS (Poglitsch et al. 2008 ) and SPIRE (Griffin et al. 2009 ) photometric cameras of the Herschel space observatory centred on 70 µm, 160 µm, 250 µm, 350 µm and 500 µm. It achieved a spatial resolution of 6.0 , 12.0 , 18.0 , 24.0 and 35.0 in the five bands, respectively. Full details about observation, processing and data release are given in Molinari et al. (2010 Molinari et al. ( , 2016 .
IPHAS (Hα)
The INT (Isaac Newton Telescope) Photometric Hα survey of the Galactic Plane (IPHAS) is a 1800 deg 2 CCD survey, covering the Galactic latitude |b| < 5 • and longitude 30 • < l < 215 • region, in the broad-bands sloan r, i and narrow-band Hα filters. The WFC (wide field camera) of the 2.5 m INT with a pixel scale of 0.33 was used for this survey. It is the first fully photometric Hα survey of the Galactic plane with mean 5σ depths of 21.2, 20.0 and 20.3 for the r, i and Hα bands in the Vega magnitude system, respectively (Drew et al. 2005; Barentsen et al. 2014; González-Solares et al. 2008) . This survey has a median seeing of ∼ 1.0 and has detected both unresolved and resolved PNe, including PNe with lower surface brightness than previously known (Mampaso et al. 2006) . Corradi et al. (2008) and Viironen et al. (2009c) have used the (r-Hα) vs (r -i) colour-colour plane in combination with NIR colours to identify and separate PNe from other source classes.
Aperture photometry
To measure magnitudes and flux densities of extended sources (absent in published point source catalogues) from some of the surveys, we have performed aperture photometry. This was done using the corresponding CORNISH-PN aperture as a reference. Details on how the fluxes of extended sources in the CORNISH survey were measured are given in Paper II, and we have used the same methods here. In measuring the integrated flux densities of the CORNISH sources, a 2D Gaussian was used for point sources and manually drawn polygons for extended sources.
The mid-infrared emission is expected from a region larger than the ionized gas region due to dust and molecular emissions. This informs the need for a larger aperture for the GLIMPSE data. We define a parameter that allows the size of the reference aperture to be adjusted accordingly by adding an optimal value. The optimal parameter value, which in turn defines an optimal aperture size, was determined from a curve of growth. The need for an optimal aperture was to avoid larger errors due to poor background subtraction (worst for point sources). We have used different apertures for the four bands due to the varying resolution and the varying strength of these emissions across the four bands. We increased the reference apertures by 2.5 , 2.5 , 3.5 and 4.5 for the 3.6 µm, 4.5 µm, 5.8 µm and 8.0 µm, respectively. For the near infrared and optical, we have increased the reference aperture size by 1 .
The background level for each source was measured by means of an annulus, which provides a good estimate of the background level around a source. Due to background variations across the different wavelengths, the median background level was used, since it is not sensitive to extreme values or bright sources in the background. An annulus width of 10 , with an offset of 5 from the source aperture was used to estimate the median background level. This ensures that the area of the annulus is greater than the source aperture area, allowing a better estimation of the median background level (Reach et al. 2005) . Aperture photometry was performed using Equations 19 and 22 in Paper II.
For all data considered, the CORNISH-PNe positions were used to obtain uniform image cut-outs from the latest processed and final calibrated images, where stated or available. Cross-matching of the CORNISH-PNe with individual survey catalogues (UKIDSS and GLIMPSE) was done to compare point source intergrated flux densities/magnitudes with results of our aperture photometry. In all cases, the results were similar and showed good agreement for point sources. The cross-matched positions revealed no systematic offsets (Figure 2 ). Aperture photometry was not done for the MAGPIS survey, where we have used the published catalogue values, due to its resolution of ∼ 6 compared to the CORNISH resolution of 1.5 . This also applies to the Hi-Gal, MIPSGAL and WISE data.
RESULTS AND ANALYSIS
Radio Properties
The primary properties of a radio source are its flux density and angular size. Details of the angular sizes and flux densities measurements of sources in the CORNISH catalogue are given in Paper II and we have briefly summarized it here.
Source detection and photometry was performed using OBIT 3 FndSou. FndSou works by finding and identifying neighbouring islands of emission above a set intensity cutoff and it attempts to fit one or more 2D Gaussians to these emissions. An elliptical aperture was used to measure the source properties, which extended to the 3σ Gaussian major and minor axes. The rms noise and median background level of the sky were measured as described in Section 2.4. For extended sources, indicated by a cluster of Gaussian fits, the fitted parameters were replaced with single measurements under a manually drawn polygon around the emission. For such extended sources, the fitted Gaussian axes are replaced with intensity-weighted diameter given by Equation 16 in (Paper II).
We have used the geometric mean of the fitted Gaussian axes ( √ θ M θ m , where θ M and θ m are the fitted major and minor axes, respectively) and intensity-weighted diameter for extended sources. Because the CORNISH-PNe are fairly round in the radio, there is not much difference between the geomtric mean sizes used and major axes as shown in Figure 3 . The intensity weighted sizes would make the extended sources appear smaller than they would in optical catalogues. The deconvolved sizes may also underestimate the sizes of extended sources (see van Hoof 2000) . To estimate the true angular sizes, we use a correction factor at 6 cm, according to van Hoof (2000) . With this method, θ true = γθ d and γ is estimated using Equation 1, where
γ(β) = 0.3429 1 + 0.7860β 2 + 1.6067
(1) Table 1 shows a comparison of the measured sizes (FWHM), deconvolved sizes, calculated true sizes and reported optical sizes for a few CORNISH-PNe with optical sizes from the MASH 4 Miszalski et al. 2008 ) and IPHAS catalogues. For three of the sources the optical sizes are 10 to 20 times larger. These sources are bipolar PNe (G027.6635-00.8267, G050.4802+00.7056 and G062.7551-00.7262) and the COR-NISH survey has detected only the bright cores. On average, the corrected sizes show better agreement with the optical sizes. These corrected angular sizes will be used throughout this paper. Furthermore, we show in Figure 3 that there is not much difference in using the major axis and the angular sizes we have adopted here.
All the CORNISH-PNe have peak fluxes > 7σ, of which 91% have flux densities ≤ 100 mJy ( Figure 4 , right panel), and ∼ 35% are unresolved (θ < 1.8 ). The distribution of the angular sizes with a median of 2.5 (see left panel in Figure  4 ) indicates a preferentially compact and/or distant sample. The radio continuum emission from a PN can also be expressed in terms of its brightness temperature (T b ), a distance-independent property that can be used to infer the evolution of PNe. At 6 cm, most PNe are optically thin and so T b (proportional to the square of the electron density) decreases with continuous expansion as the nebulae Table 1 . The measured radio sizes (θ F W H M ), deconvolved sizes (θ d ), corrected sizes (θ t r u e ) compared to the optical angular sizes (θ L i t ) from the MASH Miszalski et al. 2008 ) and IPHAS catalogues are presented. Where available, we show the major and minor optical sizes. Bipolar PNe are indicated with * CORNISH Name
G014.5851+00.4613 3.28 ± 0.04 2.91 ± 0.05 4.93 ± 0.08 6.0 × 5.0 G018.2402−00.9152
8.08 ± 0.03 7.94 ± 0.03 12.88 ± 0.05 12.0 × 12.0 G026.8327−00.1516 2.52 ± 0.07 2.03 ± 0.08 3.55 ± 0.15 7.0 × 5.0 G027.6635−00.8267* 1.67 ± 0.06 0.73 ± 0.14 1.38 ± 0.26 35.0 × 12.0 G032.5485−00.4739
2.16 ± 0.04 1.55 ± 0.05 2.78 ± 0.09 9.0 × 9.0 G035.5654−00.4922
6.24 ± 0.03 6.05 ± 0.03 9.88 ± 0.05 11.0 × 11.0 G050.4802+00.7056* 1.60 ± 0.06 0.56 ± 0.16 1.08 ± 0.31 19.0 G051.8341+00.2838
2.25 ± 0.03 1.68 ± 0.05 2.98 ± 0.08 6.0 G062.7551−00.7262* 2.27 ± 0.07 1.71 ± 0. evolve. Otherwise, PNe that are optically thick will show high
where T e is the electron temperature), as the optical depth approaches the optically thick limit (τ v ∝ n 2 e ). Therefore, more evolved and optically thin PNe should have lower brightness temperatures compared to younger and more compact PNe. Nonetheless, young PNe from low-mass progenitors could also show low T b because the envelope may have been mostly dispersed before the central star becomes hot enough to initiate ionization.
The average T b across each CORNISH-PNe at 5 GHz was estimated using Equation 2, where θ is the angular radius (arcsec) and S ν is the integrated flux density (mJy). The CORNISH-PNe show T b between 20 K and 7000 K ( Figure  6 , left panel) with a median of ∼ 200 K. We also show the variation of the angular sizes with corresponding flux densities and lines of constant T b in Figure 6 (right panel). It can be seen that there are a few PNe that can be considered younger. These younger CORNISH-PNe have small angular sizes and T b that lie within the region of 10 3 K < T b < 10 4 K (see Kwok 1985) .
Spectral Index
Having shown the possible existence of some young CORNISH-PNe in Figure 6 , it is also important to determine the nature of their radio emission. We cross-matched the CORNISH survey at 6 cm with the MAGPIS radio survey at 20 cm within a radius of 5 . This resulted in a total of 67 matches out of the 169 CORNISH-PNe. 85% of the crossmatched sources have angular separations less than 1 and a distribution that peaks about 0.5 (see Figure 7 ).
For the purpose of spectral indices estimation, there is a need to exclude very extended sources, whose emission could have been spatially filtered out due to the design of the CORNISH survey. Spatially filtered out emission will result in underestimated flux densities. To exclude such extended PNe, we compared the CORNISH-PNe integrated flux densities to their corresponding peak fluxes. Sources with angular sizes larger than 9 , corresponding to F int /F peak > 10 were considered too extended. Additionally, the flux densities and angular sizes of the CORNISH-PNe were compared with their counterparts in the 6 cm MAGPIS catalogue (at a lower resolution of 6 , White et al. 2005 ). This reduced Table 2 . Radio properties of the CORNISH−PNe. For the angular sizes of sources whose deconvolved sizes could not be determined, we propagated an upper limit of 3σ and they are preceded by '<'. Column 8 shows measured (aperture photometry) 1.4 GHz flux densities (MAGPIS) not present in the point source catalogue. Full table is available online as Table A1 . our sample to 61, after excluding 6 sources considered to be very extended.
To get a more complete sample, we measured the flux densities of the CORNISH-PNe absent from the MAGPIS catalogue as described in Section 2.4, using the CORNISHPNe positions on the MAGPIS 20 cm image data. This brought our sample to a total of 127 out of 169 PNe. Measured 20 cm flux densities are given in Table 2 . The spectral indices and associated errors of the 127 CORNISH-PNe were estimated using Equations 3 and 4, where S 1 and S 2 are the flux densities in mJy, and ν 1 and ν 2 are the corresponding frequencies.
Assuming the radio-continuum emission from a PN is free-free, the spectral index range is expected to be between −0.1 and 2, where it is optically thin and optically thick, respectively. Figure 8 (top panel) shows the distribution of the CORNISH-PNe with a peak at about 0.1, which agrees with optically thin free-free emission. In Figure 8 (middle panel), ∼ 84% of the 127 CORNISH-PNe have spectral indices within the theoretical range. However, only two PNe have spectral indices below −0.1 at a 3σ significance level, which is indicative of non-thermal emission (discussed in Section 4.3). These are marked as B (G030.2335−00.1385) and C (G019.2356+00.4951) in Figure 8 (middle), where we plot spectral index against the log of the CORNISH angular sizes. The source marked A (G052.1498−00.3758) has a spectral index of -0.1 at a 3σ significance level and so its emission is treated as thermal.
If we assume the integrated flux density at 1.4 GHz and 5 GHz are from the same solid angle, we can model the spectral index (1.4 GHz and 5 GHz) at constant electron temperatures of T e = 0.5 × 10 4 K, 1.0 × 10 4 K and 1.5 × 10 4 K as in Siódmiak & Tylenda (2001) Table 2 summarizes the radio properties of the CORNISH-PNe.
Mid-infrared to radio continuum ratio
It is expected that as the PN evolves with an increase in size, the ratio of the MIR (mid-infrared) to radio integrated flux density (M I R/radio) will decrease. This is a result of the increased ionized volume as compared to the amount of dust and excited PAH (polycyclic aromatic hydrocarbon) emission, present in the 8.0 µm band. PAH emission in this band arises from the excited PAH molecules just outside the ionized regions of carbon-rich PNe (Cox et al. 2016) . As the ionization front spreads out, the PAH emission decreases (Cerrigone et al. 2009; Guzman-Ramirez et al. 2014; Cohen et al. 2007a) , causing a decrease in the total flux in the 8 µm band. Thus, compared to more-evolved PNe, younger PNe should have stronger PAH emission, resulting in higher values of the M I R/radio ratio. This ratio can also be affected by the mass loss history in the AGB phase. However, irrespective of larger angular sizes as a result of evolution, bipolar PNe have high M I R/radio values due to the larger amount of dust and the presence of a torus that could remain molecular for a longer time (Cox et al. 2016; Guzman-Ramirez et al. 2014) . Cohen et al. (2011 Cohen et al. ( , 2007b used this ratio (M I R/radio) to discriminate between PNe and HII regions. HII regions are brighter in the MIR compared to PNe due to the larger amount of molecular gas associated with them. Cohen et al. (2011) reported a median of 4.7 ± 1.1 for the MASH PNe sample using F 8.0µm /F 0.843GHz . For the CORNISH-PNe, we have used the flux densities from the IRAC 8 µm band and the CORNISH survey (F 8.0µm /F 5GHz ). The distribution is shown in Figure 9 with a median of 3.3±1.0. If we convert the 5 GHz flux densities to 0.843 GHz, assuming the CORNISHPNe are all optically thin, we have a median of 3.3 ± 0.70 (stated error is the standard error on the median). These estimates show a reasonable agreement within 1σ of the Cohen et al. (2011) value. Using the same method, Filipović et al. (2009) found a median value of 9.0±2.0 (F 8.0µm /F 1.4GHz ) for 14 Magellanic cloud PNe, which is consistent with our value and Cohen et al. (2011) 
Multi-wavelength Colours
The strength of multi-wavelength colour-colour diagrams to distinguish between PNe and their contaminants, in the absence of optical data, has been explored by Cohen et al. (2011) and Parker et al. (2012) . Such plots allow separation of sources according to their colours. We have placed the CORNISH-PNe on different colour-colour plots and, where necessary, we have compared them with other Galactic sources that could contaminate our sample.
Near-Infrared (NIR) Colours
The measured emission of PNe in the J, H and K bands is a combination of emission from the ionized nebulae, including free-bound and free-free emission, hot dust emission, stellar continuum from the central star and emission lines. The ionized gas and hot dust should dominate the emission, but in some cases, the stellar continuum could be mostly responsible (Whitelock 1985; Garcia-Lario et al. 1997; Ramos-Larios & Phillips 2005; Phillips & Zepeda-Garcia 2009) . Figure 10 shows the distribution of the CORNISH-PNe on the J − H vs. H − K colour-colour plane (measured magnitudes are presented in Table 5 ). We also show the position of symbiotic stars, the intrinsic colours of an O9 star from Ducati et al. (2001) and the modeled intrinsic colours of NGC 7027 (0.21, 0.41) and NGC 6720 (0.62, 0.0) from Weidmann et al. (2013) . Some of the CORNISH-PNe show colours that are typical of symbiotic stars. This will make it difficult to rely only on the NIR colour-colour plane in differentiating between PNe and symbiotic stars. The CORNISHPNe show a broad distribution that can be mostly explained by the range of PNe intrinsic colours (see Phillips & ZepedaGarcia 2009; Ramos-Larios & Phillips 2005 ) and differing amounts of extinction.
Categorically, younger PNe with hot dust have redder colours, resulting in higher H − K values. A contribution to the K-band could also arise from H 2 emission believed to be excited mainly by shocks and, in some cases, ultra-violet fluorescence (Marquez-Lugo et al. 2015) . The presence of this emission in the K-band could also lead to an increase in the H − K colour. The colour distribution of the CORNISHPNe is similar to the IPHAS-PNe, but with more CORNISHPNe displaying a higher reddening. Compared to the MASH sample analysed by Phillips & Zepeda-Garcia (2009) and PNe from the VVV (VISTA Variables in the Via Lactea) survey by Weidmann et al. (2013) , the CORNISH-PNe show a higher reddening. The median colours of the CORNISHPNe are 1.23 ± 0.05 and 1.25 ± 0.07 for H − K and J − H, respectively.
Optical Colours
CORNISH-PNe counterparts were searched for within the region of the IPHAS survey that overlaps with the COR-NISH survey, using the CORNISH positions. Owing to the Galactic position of these PNe, confusion with other sources in the background or foreground is possible. For this reason, the Hα images were visually checked, aided with false 3-colour images. None of the images showed complexes or diffuse emission associated with H II regions. A total of 22 out of the 76 CORNISH-PNe within the IPHAS survey region were found to have genuine counterparts. These include extended PNe not present in the point source catalogue. We measured the Hα, r and i magnitudes as discussed in Section 2.4 and measurements are presented in Table 3 .
PNe are known to be good emitters of Hα, so they can be easily identified on the should be located within the upper region of the plot, while reddened PNe should be located towards the right, where higher [r − i] values occur. We also show the positions of some Galactic PNe from the IPHAS survey and symbiotic stars in Figure 11 . This is to show the distribution of the CORNISH-PNe within other PNe samples and possible contaminants like the symbiotic systems that are visible in the optical. Out of the 22 CORNISH-PNe with IPHAS counterparts, 21 seem to have normal PNe colours (Figure 11 ). An exception to this is the colour of G035.4719−00.4365 ([r − i] ∼ 0.92, [r − Hα] ∼ 0.69), where foreground stars in its photometry could be responsible. The general distribution of the CORNISH-PNe does not look different from the IPHAS-PNe. Again, the CORNISH-PNe show colours similar to symbiotic stars and it will be difficult to separate PNe from such contaminants based on this optical colour-colour plots.
Mid-Infrared (MIR) colour
The emission of a PN in the MIR is a summation of dust continuum, free-free, free-bound, atomic line, molecular line and PAH emissions. All these contribute to the colour of a PN and its position on the MIR colour-colour plot, depending on which is dominant. The work of Cohen et al. (2011) , using the GLIMPSE data, showed that PNe can be well separated from HII regions, using their MIR colours. Cohen et al. (2011) further showed that PNe have distinctive median colour indices compared to HII regions.
In Table 4 , we compare median MIR colours of the CORNISH-PNe with the median colours of the MASH-PNe sample analysed by Cohen et al. (2011 Figure 12 (both colour-colour planes), where stellar continuum could be contributing to their emission. The colours of such PNe could also be a result of dominant ionized gas emission with little or no dust emission. The measured mid-infrared flux densities using aperture photometry are given in Table 5 .
Far-Infrared (FIR) Colours
The dust content in the circumstellar envelopes of PNe can be better viewed in the FIR, especially when combined with MIR data. This dust, lost during the AGB phase, has temperatures in the range ∼ 10 ≤ T d ≤ 100 K (Van de Steene 2017; Van de Steene et al. 2015; Villaver et al. 2002) . The heating mechanism of dust grains in PNe is believed to be by direct stellar emission from the central stars, which can extend beyond the ionized region, and by Lyman α radiation within the ionized region (Pottasch et al. 1984; Pottasch 1986; Kwok et al. 1986; Van de Steene 2017; . Following this, compact and younger PNe, where dust grain heating is mainly by direct stellar emission from their relatively cooler central stars, could show warmer dust temperatures in the range of ∼ 110 K < T d < 200 K (Pottasch et al. 1984; Pottasch 1986; Kwok et al. 1986; van Hoof et al. 1997) , and more evolved PNe, where the major source of heating is from Lyman α radiation, would Table 5 . Measured NIR magnitudes and MIR flux densities for the CORNISH−PNe. These are measured using aperture photometry as described in Section 2.4. In the NIR, some of the CORNISH-PNe were not detected in one or more bands. For such sources,the corresponding columns are left blank. For non-detections in one or more of the bands and where the measured flux density is less than 3σ in the MIR, we have defined an upperlimit of 3σ limit preceeded by ' < . Full table is available online as 
How bright PNe are in the FIR will be determined by the density and mean temperature of the dust in their circumstellar envelopes. Young PNe from massive stars will be brighter in the FIR. This is because of their association with cooler dust (outside the ionized region), ejected during the AGB phase (Kwok 1982; Cox et al. 2011) . This is also the case for bipolar PNe whose progenitors are believed to have experienced strong mass loss during the AGB phase. They are also believed to have a torus that remains neutral for a longer time after ionization (Guzman-Ramirez et al. 2014) . However, H II regions are brighter in the FIR and at longer wavelengths because of the larger amount of dust they possess and lower mean dust temperatures, which can be as low as ∼ 25 K .
The use of the Hi-Gal survey together with the MIPS-GAL 24 µm, and WISE 12 µm and 22 µm should help us identify H II regions present in the CORNISH-PNe, if there are any. The CORNISH-PNe were cross-matched with the Hi-Gal point source catalogue (individual bands) using a generous radius of 20 and their images were checked to eliminate mis-matches and identifications due to background emission. The CORNISH-PNe were also cross-matched with the WISE 12 µm and 22 µm 6 , and MIPSGAL 24 µm point source catalogue (Gutermuth & Heyer 2015) using the same generous radius of 20 .
In Table 6 , we show the mean colours of CORNISH-PNe compared to the mean colours of PNe sample analysed by Figure 13 . A few of the CORNISHPNe FIR colours extends into the H II region area. This is likely due to sample selection bias as the Anderson et al. (2012) sample is made up of optically detected PNe. Hence, the CORNISH-PNe within the H II region area could be compact PNe with cooler dust outside their ionized regions. At a 3σ significance level, three of the CORNISH-PNe (see Section 4.2) are within the H II regions area on both colourcolour planes.
Extinction
Extinctions were estimated using the Hα line emission, where available, and near-infrared (NIR) magnitudes. The different methods used are discussed below.
Hα/5GHz ratio
Both the Hα and 5 GHz emissions are assumed to come from the same effective volume of ionized gas, but unlike the hydrogen line emission, the free-free emission is not affected by interstellar extinction. Following this, the extinction was estimated by comparing the radio-continuum emission at 5 GHz to the Hα line flux. In estimating the Hα line fluxes (Column 5 in Table 3 ), the continuum contribution was accounted for based on the Sloan filter profile 7 , while ignoring the [NII] contribution. Equation 5 (see Ruffle et al. 2004 ) was used to estimate the extinction in magnitudes (c r ), which was converted to visual extinction (A V ) using A V = 1.2c r (calculated from the Cardelli et al. 1989 extinction curve with R = 3.1). The distribution of A V from this method (for 22 PNe) is shown in Figure 14. c r (mag) = −2.5log 10 F(H α )(erg/cm 2 /s) 9.20 × 10 −13 F 5GH z (mJ y)
7 http://svo2.cab.inta-csic.es/svo/theory/main/
K/5GHz and H/5GHz ratio
Extinction can also be determined from the ratio of the NIR to the radio integrated flux density. For this method, the intrinsic flux ratio determined by Willner et al. (1972) (F K /F 5GHz = 0.3 and F H /F 5GHz = 0.26) was used to determine A K and A H in Equation 6. The relationship between the NIR extinction (A K and A H ) and A V was further derived using the relationships: A J /A V = 0.283, A H /A V = 0.184 and A K /A V = 0.113 (calculated from the Cardelli et al. 1989 extinction curve for R = 3.1). This method assumes that emission is due to ionized gas (free-free emission, free-bound and hydrogen line emissions). In instances where hot dust dominates the emission, which is the case for some very young/dense and compact PNe, A V will be under-estimated using this method. This will result in negative A V magnitudes for some PNe. Approximately 38% of the CORNISHPNe with reliable K band magnitudes have negative A V (as low as ∼ −33 mag) and ∼ 23% with reliable H band magnitudes have negative A V (as low as ∼ −18 mag). These sources are not shown on the plot (Figure 14 ), but are given in Table  8 . This could be the effect of hot dust emission, resulting in larger H and K bands flux densities, compared to the level of ionized gas. For such CORNISH-PNe, where the effect is more on the K-band, H/5GHz will give a better estimation. A comparison between K/5GHz and H/5GHz is shown in Figure 14 . The difference between the regression line and equality line is < 5 mag in A V .
E[H-K] and E[J-H]
Extinction determined from the colour excess method normalizes observed colours to intrinsic or expected colours. Using Equation 6 (see Section 3.4.2) and the flux ratio determined by Willner et al. (1972) The effect of hot dust is also seen, which is reflected in the difference between the regression line (red) and the equality line (green).
From the analysis presented in Section 3.3, with the likelihood of the CORNISH-PNe being compact and young, we expect some CORNISH-PNe to be dominated by hot dust. In addition to hot dust, the large excesses in the H − K and F K /F 5GHz could also result from H 2 emission within the K band. Hence, larger NIR excesses compared to the expected level for thermal ionized gas. For such sources, their Table 6 ) on the CORNISH-PNe.
intrinsic colours could be higher than 0.68 (H − K) and −0.1 (J − H). According to Pena & Torres-Peimbert (1987) the intrinsic H − K colour for high density and younger PNe could be as high as 0.8. This is also reflected in the range of intrinsic modeled colours for NGC 7027 (0.21, 0.41) and NGC 6720 (0.62, 0.0) by Weidmann et al. (2013) , shown in Figure 10 .
In table 7, we compare A V from the different methods for a few sources. We also did a literature search for the A V for a few well known PNe within the CORNISH-PNe sample. The F K /F 5GH z method seem to underestimate A V s more, compared to other methods. No one method can be said to be accurate for all the CORNISH-PNe. However, there are a few CORNISH-PNe whose A V from the different methods seems to agree.
The varying extinctions from these methods can be attributed to the effect of different dominant emissions (see Ramos-Larios & Phillips 2005) as observed in Figure 10 , resulting in the different A V using the different methods. A V within lower Galactic latitudes could be as high as ∼ 30 mag (see the extinction map of Gonzalez et al. 2012; González-Solares et al. 2008) , which agrees with the maximum estimated A V for the CORNISH-PNe using the different methods. A V from the different methods for the CORNISH-PNe are given in Table 8 .
Heliocentric Distances
Heliocentric distances to the CORNISH-PNe were estimated using the statistical distance scale described in Frew et al. (2016) . The integrated flux density of each CORNISH-PNe was converted to Hα surface brightness (erg cm −2 s −1 ) and Equation 8 in Frew et al. (2016) was used to estimate the physical radii and corresponding distances. It should be noted that Equation 8 provides a mean distance and we have not treated optically thin or thick PNe separately (See Frew et al. 2016 for review and details of this statistical distance calibration).
The distributions of the CORNISH-PNe distances and physical sizes are presented in Figure 16 . The distance distribution shows a peak at ∼ 11 kpc and gradually falls off to 32 kpc. The general physical diameter distribution shows a generally compact sample with a peak at 0.17 ± 0.06 pc. The mean physical diameter and heliocentric distance are 0.14 pc and 14 ± 6 kpc, respectively. In Figure 17 , we show a scatter plot of the distances against the physical diametres and it can be seen that the CORNISH-PNe with smaller angular, having corresponding small physical sizes (< 0.2 pc) are spread over a range of distances and are also the CORNISH-PNe seen at larger distances. The distances to these angularly small CORNISHPNe are possibly over-estimated, given that we have not taken into account the PNe that are optically thick. Estimated distances and physical diametres are presented in Table 9 .
DISCUSSION
Reliability and Completeness
Understanding the evolution and formation of PNe requires the reasonable sampling of different stages of their evolution, including the very young PNe where the shaping mechanism may still be active. Surveys at optical wavelengths have greatly improved the number of known PNe, but these samples are biased by extinction. From the number of currently catalogued PNe (3540; Parker et al. 2017 ) compared to the predicted number from population synthesis (46000 ± 13000; Moe & De Marco 2006) in our Galaxy, it is clear that many Galactic PNe are yet to be detected, especially towards the Galactic mid-plane where extinction is severe. To improve on the number of known PNe, it is important that PNe are searched for at longer wavelengths. The CORNISH observations at 6 cm provides us with a sample of PNe that is not affected by extinction.
The reliability of this sample has been demonstrated by the multi-wavelength visual identification performed by the CORNISH team and the multi-wavelength properties Table 7 . Comparison of the A V from the different methods for some extended sources. Where available, we use literature Hα or H β fluxes to calculate A V . Where c (extinction constant) is given in the literature, we converted to A V using c/E(B − V ) = 1.46. * indicates that the Hα is from a larger area compared to the radio emission. Tylenda et al. (1992) . Table 8 . Extinction table showing AV from the different methods in Section 3.4 for all the CORNISH-PNe. Sources whose Hα emission area is larger than radio, we have indicated using *. Full table available online as Table A3 .
CORNISH Name presented in this work. To demonstrate the completeness and depth of the CORNISH survey, we have compared the CORNISH-PNe with samples of known PNe in the HASH database ). This catalogue includes PNe samples from the Strasbourg-ESO catalogue of Galactic PNe , catalogue of Galactic PNe by , Macquarie/AAO/Strasbourg Halpha planetary Nebula catalogues (MASH I, Parker et al. 2006 and MASH II, Miszalski et al. 2008 ) and IPHAS catalogue ).
In Figure 18 , we show the distribution of the CORNISHPNe and known PNe. Compared to the CORNISH-PNe, the detection of known PNe (optical detections) drops towards b = 0 • , whereas the CORNISH-PNe clearly peak about b = 0 • . This is likely due to the extinction bias associated with optically detected PNe and increased reddening in this region (see the extinction map of Gonzalez et al. 2012) .
Furthermore, if we assume a distance of 20 kpc and that PNe become optically thin at physical diameters > 0.12 pc (Zijlstra 1990) , we would expect corresponding 5 GHz peak fluxes (Equation 1 in Stanghellini et al. 2008) as shown in Figure 19 . At this distance of 20 kpc (see 4σ detection limit line in Figure 19 ) we could have detected all sources with angular sizes < 2.5 and above the CORNISH survey detection limit. This is reflected in Figure 17 , where CORNISH-PNe with small angular sizes are detected at larger distances. At closer distances (10 and 15 kpc are shown in Figure 19 ), we would detect sources with larger angular sizes if their peak fluxes is above the detection limit.
Combined colour-colour plots
The difficulty in spectroscopic confirmation of PNe due to extinction has informed the need for other methods of confirmation. The works of Parker et al. (2012) and Cohen et al. (2011) , using the MASH PNe have shown that the use of multi-wavelength analysis can be robust in identifying PNe not detected at optical wavelengths, especially when they 
The regression line is shown in red with a 95% confidence band. Less weight is placed on larger errors. The green line is the oneto-one fit.
have reliable MIR and radio emission measurements. We expect that multi-wavelength colour-colour plots, together with the MIR/radio ratio used in this analysis, should flag different contaminants.
In the NIR colour-colour plot (see Figure 10) , the CORNISH-PNe show a wide range of colours, which agrees with the wide range of unreddened PNe colours analysed by Ramos-Larios & Phillips (2005) . In the MIR (Figure 12 ), the CORNISH-PNe seem wellseparated from the symbiotic stars, except for the Dtypes (dusty). In the FIR, a few CORNISH-PNe extend into the H II regions area on both colour-colour plots. The three outliers in the FIR colour-colour plots (Figure 13) are G019.2356+00.4951, G052.1498−00.3758 and G058.1591−00.5499. G019.2356+00.4951 also has a negative spectral index and is discussed in Section 4. Log 10 [70/22] ∼ 1.83), G052.1498−00.3758 has no millimeter emission and so it is not likely an H II region (see Figure 20) , with a spectral index of −0.36±0.09. G058.1591−00.5499 has no millimetre data but, its multi-wavelength images ( Figure  21 ), NIR and MIR colours are consistent with PNe colours.
Sources With Negative Spectral Indices
The dominant radio continuum emission in an ionized nebulae is expected to be thermal, although some conditions and processes such as jets and magnetic fields in very young PNe could provide an environment for non-thermal emission. Variability at radio wavelengths could also result in non-thermal emission (see Cerrigone et al. 2017 Cerrigone et al. , 2011 . The presence of high velocity collimated jets, believed to be the primary shaping mechanism in PNe, could induce shock fronts and accelerate electrons to a relativistic velocity in a magnetic field, which could result in non-thermal emission. Observational evidence of this is seen in a post-AGB source (I RAS 15445−5449) with strong magnetic fields, where ionization has not started, but jets are present (Pérez-Sánchez et al. 2013) . Here, we discuss the two CORNISHPNe with significant negative spectral indices (see Figure 8 ; middle panel).
4.3.1 G019.2356+00.4951 G019.2356+00.4951 is classified in the SIMBAD database as a radio source (MAGPIS and NVSS surveys). It is associated with X-ray emission (XGPS-I J182416-115554; 3XMM J182416.7-115558 8 Rosen et al. 2016) in the XMM-Newton Galactic Plane Survey (within 4 search radius), having a hardness ratio of 0.72 (Hands et al. 2004) . Although it is isolated in the far-infrared image data (Figure 22 Figure 22 that this is an extended source in the MIR and NIR but the CORNISH survey has detected only the bright core. One of the mechanisms through which X-ray emission is produced in PNe is thought to be related to their shaping mechanisms (wind-wind interaction), resulting in hot bubble formation. Such X-ray emissions is observed within the bright innermost shell. The presence of collimated jets and outflows can also result in shocks that emit X-rays. X-ray emission from such processes are thought to be characteristics of young and compact PNe (Kastner 2007; Kastner et al. 2008; Chu et al. 2000; Freeman et al. 2014) .
According to Freeman et al. (2014) , PNe that emit X-rays from such interactions are mainly elliptical. G019.2356+00.4951 has an elliptical morphology in the radio, NIR and MIR (see multi-wavelength images in Figure  22 ) with a spectral index of −0.66 ± 0.09 that is compati- ble with synchrotron emission. We estimated a distance of ∼ 9 ± 1 kpc and a diametre of ∼ 0.18 ± 0.02 pc. We classified this source as a PN and it is likely a young PN, based on the X-ray emission and elliptical morphology. The SED of this source is shown in Figure 24 (Left panel).
G030.2335−00.1385
This is an unresolved source in the CORNISH survey with T b close to 10 4 K and a spectral index of −0.55±0.08. This negative spectral index is not due to variability as it has a MAG-PIS 6 cm integrated flux density of 348.57 mJy (360 ± 32.91 mJy in the CORNISH). It is not detected in the IPHAS survey. Massive stars are known to evolve fast enough to ionize their circumstellar envelope while the envelopes are still dense (Kwok 1993; Phillips 2003) . This source was previously classified as an H II region in Leto et al. (2009) , but it is isolated in the FIR image, with no millimetre dust emission. It is classified as a PN by Cooper et al. (2013) from its NIR spectrum and its multi-wavelength images ( Figure 23 ) supports this classification. It is also associated with water (H 2 O) maser emission, having a spread of ∼ 70 km/s, which supports a young nature. We estimate a distance of ∼ 7.0 ± 0.6 kpc and a diameter of ∼ 0.06 pc. The SED of this source is shown in Figure 24 (right panel). Collimated jets have been observed to be traced by H 2 O maser components in post-AGB sources. The velocity spread of these masers can be as wide as ∼ 500 km/s, as observed towards I RAS 18113 − 2503 (Gómez et al. 2011) . The presence of H 2 O masers in PNe is indicative of a young nature. A few PNe with negative spectral indices have also been reported in Bojičić et al. (2011) . The first observational evidence of non-thermal emission in a PN with H 2 O maser emission was seen in I RAS 15103 − 5754, with a spectral index of −0.54 ± 0.08 (Suarez et al. 2015 ) that is compatible with synchrotron emission. I RAS 15103 − 5754 is presently considered to be the youngest PN. G030.2335-00.1385 shares similar characteristics with I RAS 15103 − 5754 and will be a good source to investigate further.
Sources with such negative spectral indices could be confused with supernovae remnants (SNRs), having typical spectral indices ≤ −0.5 and X-ray emission (Anderson et al. 2017; Bozzetto et al. 2017) . However, there is no known detection of the 22 GHz H 2 O maser emission towards SNRs (Woodall & Gray 2007; Claussen et al. 1999) , which rules out the possibility of G030.2335−00.1385 being a SNR.
Young SNRs peak at shorter wavelengths (20-50µm) (Williams & Temim 2016) Reach et al. 2006; Pinheiro Gonçalves et al. 2011) . If it were a core-collapse SNR or PWNe (pulsar wind nebula), we would expect some sub-millimetre emission or a flatter radio spectrum (see Gaensler & Slane 2006; Bietenholz et al. 1997) compared to its steep spectral index of −0.66 ± 0.09. Figure 20 . Multi-wavelength images of G052.1498−00.3758. We show the CORNISH 5 GHz radio image (left), followed by NIR 3-colour images : J band is blue, H is green and K is red; MIR 3-colour image : 3.6 µm is blue, 4.5 µm is green and 8.0 µm is red; FIR 3-colour image (right): 70 µm is blue, 160 µm is green and 250 µm is red and the BGPS 1.1 mm. G052.1498−00.3758 has FIR colours that are similar to H II regions. Figure 21 . Multi-wavelength images of G058.1591−00.5499. We show the CORNISH 5 GHz radio image (top left), NIR 3-colour images (top right): J band is blue, H is green and K is red; MIR 3-colour image (bottom left): 3.6 µm is blue, 4.5 µm is green and 8.0 µm is red and FIR 3-colour image (bottom right): 70 µm is blue, 160 µm is green and 250 µm is red. G058.1591−00.5499 has FIR colours that are similar to H II regions.
CORNISH-PNE CATALOGUE
PNe in the HASH database ) have mean and median angular sizes of 44 and 15 , respectively. The median angular size of PNe for both the MASH and IPHAS catalogues is ∼ 22 Sabin et al. 2014) . It can be seen that known PNe, which are optically selected, are biased towards extended and/or more evolved PNe that may be absent or resolved out in the CORNISH survey. For the CORNISH-PNe, the mean and median angular size are ∼ 3 and ∼ 2.5 , indicating a compact PNe sample that is probably more complete within the |b| < 1 • region.
The classification of the CORNISH-PNe was done based on the radio properties, MIR/radio ratio, optical colours, infrared colours, extinction, physical sizes and distances. In the absence of IPHAS images, we have used the Hα images from the SuperCosmos Hα survey (SHS; Parker et al. 2005) 9 , where available, to aid classification. In cases where we are unable to draw conclusions from this analysis, we have indicated possible PNe with a question mark '?', and where truly in doubt, we have tagged 'unknown' or other source type. Sources that meet all requirements for PNe in all considered multi-wavelength analysis and images are classified as PNe. We indicate if PNe are newly confirmed, newly classified or newly discovered under the status column. The newly confirmed PNe are sources previously classified as possible PNe or PNe in the SIMBAD database, newly classified are sources previously identified as radio sources or YSO (young stellar objects) in the SIMBAD database, with no previous classification as PN, while newly discovered are sources with no astronomical record in the SIMBAD database. The final catalogue is presented in Table 11 and the columns are defined as follows: CORNISH name (1), SIMBAD identification (2), Hα detection (3), classification (4), status (5) and comments (6).
A cross-match of the 169 CORNISH-PNe with known PNe (True PNe) from HASH database returns 24 matches (Table 10) , excluding the CORNISH candidates and likely PNe. A further 47 suspected PNe, as classified in the SIMBAD database, are confirmed as such from the analysis here (see Table 11 for references). 90 out of the remaining 98 CORNISH-PNe are new PNe (12 newly discovered and 78 are newly classified) and the remaining 8 are classified as possible PNe or other source types.
Independently, Fragkou et al. (2017) have used visual inspection of the multi-wavelength images on the HASH database , the MIR/Radio ratio and MIR colours to identify 70 of the sources in CORNISH catalogue as candidate PNe.
Some of the intrinsically red sources based on MIR colours from the GLIMPSE I and II surveys that were classified as candidate YSO by Robitaille et al. (2008) turn out to be PNe (Also see Parker et al. 2012) . YSO are embedded objects with weak radio emission from ionized stellar winds that is usually less than a few mJy . The 4.8 to 15 GHz radio integrated flux density of the YSO sample from the Red MSX Source Survey (Lumsden et al. 2013 ) are mostly upperlimits (97%). We es-A new radio selected sample of Planetary Nebulae 21 Figure 22 . Multi-wavelength images of G019.2356+00.4951. We show the CORNISH 5 GHz radio image (left), followed by NIR 3-colour images : J band is blue, H is green and K is red; MIR 3-colour image : 3.6 µm is blue, 4.5 µm is green and 8.0 µm is red; FIR 3-colour image (right): 70 µm is blue, 160 µm is green and 250 µm is red and, the BGPS 1.1 mm. G019.2356+00.4951 has a negative spectral index of −0.66 ± 0.09 that is compatible with synchrotron emission. Figure 23 . Multi-wavelength images of G030.2335−00.1385. We show the CORNISH 5 GHz radio image (left), followed by NIR 3-colour images : J band is blue, H is green and K is red, MIR 3-colour image : 3.6 µm is blue, 4.5 µm is green and 8.0 µm is red; FIR 3-colour image (right): 70 µm is blue, 160 µm is green and 250 µm is red and, the BGPS 1.1 mm. G030.2335−00.1385 has a negative spectral index of −0.55 ± 0.08. timated a median MIR/Radio ratio in order of 10 3 , which is high compared to the MASH PNe (Cohen et al. 2011 ) and CORNISH-PNe value of 4.7 ± 1.1 and 3.9 ± 0.90, respectively. We expect them to also have FIR colours similar to H II regions as they emit more in the MIR to FIR.
Similarly, 10 out of the 27 high-quality candidate PNe identified by Parker et al. (2012) , within the CORNISH survey region, are not in the 7σ catalogue. Parker et al. (2012) classified these as high quality PNe based on the MIR colours of previously known PNe, MIR environment and MIR falsecolour images. Inspection of the CORNISH images shows that they are not reliable PNe candidates (see Figure 25 ). Because these sources are compact in the GLIMPSE survey, we can rule out the possibility that a null detection by the Figure 25 . CORNISH 6 cm and 3-colour (3.6 µm is blue, 5.8 µm is green and 8.0 µm is red) GLIMPSE images of the 10 high quality PNe candidates from Parker et al. (2012) , within the CORNISH survey region. All images are 25 × 25 in size and the CORNISH beam size is shown on the first image.
CONCLUSION
Following the visual selection of the CORNISH-PNe (169) from the CORNISH survey by the CORNISH team, we have focused on their multi-wavelength properties, including their radio properties, optical to far-infrared colours, extinction and distances. The sensitivity of the CORNISH survey combined with multi-wavelength data, at infrared and millimetre wavelengths, provides an uncontaminated sample of PNe that is free from extinction biases associated with optical based surveys. At 6 cm, the CORNISH survey is more complete within the |b| < 1 • region and has uncovered 90 new and compact Galactic PNe within 110 deg 2 area. Radio selected samples from such surveys, unaffected by extinction, will be excellent to compare with models of population synthesis. This would contribute to better understanding of the formation and evolution of Galactic PNe. In future work, we will compare this sample, although small, with model predictions from population synthesis. In summary:
-We have used multi-wavelength properties to certify the CORNISH-PNe classification and confirm a clean sample, although one will need an optical or NIR spectra to fully confirm the status of a PN.
-Radio properties show a CORNISH-PNe sample that is compact, with some PNe possessing T b > 1000 K. We were able to estimate spectral indices for 127 of the CORNISHPNe (75%). 98% of these have spectral indices that are consistent with thermal free-free emission. The 2% exhibiting non-thermal emission at a 3σ significance level are likely very young PNe.
-22 out of the 76 CORNISH-PNe within the IPHAS survey region were found to have Hα emitting counterparts. The PNe not detected by IPHAS are likely due to line-of-sight extinction.
-The broad distribution of the CORNISH-PNe in the MIR shows a sample dominated by different emission mechanisms across the different IRAC bands. This broad distribution is also observed in NIR colours.
-Some of the CORNISH-PNe, as expected, show higher reddening compared to previous PNe samples studied in the NIR.
-In the FIR, the CORNISH-PNe show a wider range of colours compared to the optically detected PNe studied by Anderson et al. (2012) .
-We estimated extinction using the methods in Section 3.4. Extinction variations towards the CORNISH-PNe using the different methods reflect a sample dominated by different emission mechanisms across the near-infrared bands, hence, a possible range of intrinsic colours.
-Heliocentric distances were estimated using the Frew et al. (2016) calibration. The average distance for the CORNISH-PNe is 15 kpc with a corresponding average physical diameter of 0.17 pc.
-A catalogue of 169 CORNISH-PNe is presented. We find 90 new PNe, out of which 12 are newly discovered and 78 are newly classified as PN. A further 47 suspected PNe are confirmed as such from the analysis here and 24 known PNe were detected. Eight sources are classified as possible PNe or other source types.
-The clean sample of PNe, together with the extensive photometry and analysis presented here should form good training sets in using machine learning to build classification/identification models for PNe in future large radio surveys.
